A perforated metallic screen is intentionally engineered by inserting a chain of metallic bars (MBs) inside a square hole. The transmission through this subwavelength hole is significantly enhanced and the values of its peaks still maintain a high level with an increase in screen thickness. By examining the induced surface currents and charge distributions, we show that the high transmission is attributed to the hybridization of the magnetic dipoles that are excited between the MBs and the antithetic metallic surfaces. The proposed structures may have applications in long-distance energy transport and frequency combs, and may open up new perspectives in the engineering of enhanced transmission phenomena.
Introduction
Since the first experimental report of extraordinary optical transmission (EOT) [1] through a metallic film with periodic holes, plasmonics has attracted a great deal of attention due to the possibility of potential applications of such structures, for example, subwavelength optics [2] , optical devices [3, 4] and chemical sensing [5] . EOT has been attributed to the surface plasmon polaritons (SPPs) [6] , quasi-cylindrical waves [7, 8] or the spoof SPPs [9, 10] in perfect electronic conductor (PEC) materials. As for a single subwavelength hole where the SPPs do not exist, one could also increase the transmission by filling the hole with materials of high index refraction [11, 12] , by placing a split-ring resonator close to the aperture [13] [14] [15] or by carefully engineering the structure of the hole [16, 17] . However, due to the evanescent tunneling process of electromagnetic fields (EM) through the subwavelength holes, the enhanced transmission decreases exponentially [18, 19] with an increase in screen thickness, which seriously limits the applications of EOT phenomena, such as the transportation of EM energy, or high-resolution lithography and imaging.
Magnetic hybridization, that is, the interaction between two or more magnetic dipoles, has shown its applications in magnetic waveguides [20] [21] [22] [23] and metamaterials [24, 25] . In this paper, we designed a structure to transport the EM energy through an ultra-long distance subwavelength hole based on the magnetic hybridization. With an increase in the screen thickness, the transmission through the subwavelength hole still maintains a high value instead of decreasing exponentially. Although this work is implemented in the microwave frequencies, the idea to enhance the transmission can be also applied to THz or even near-infrared frequencies.
Structure and numerical methods
Figure 1(a) shows a schematic view of the designed structure with N metallic bars (MBs) inserted inside and two MBs placed at the start and end of a square hole. The side view of the perforated structure is shown in figure 1(b) . The size lengths of the square hole, the MB and the inserted dielectric are a = 1 mm, w = 1.2 mm and l = 1.5 mm, respectively. Notice that the transverse size of the MB is larger than that of the hole. The distance between adjacent MBs is h = 0.5 mm. The thicknesses of the MB and the dielectric are h m = 0.05 mm and h d = 0.05 mm, respectively. The total thickness of the screen is d = (N + 1)h + Nh t , where h t = 2h d + h m = 0.15 mm. In order to explore the resonant behavior of the structure, numerical simulations were carried out using a finite-difference timedomain (FDTD) commercial software package (Lumerical). In the simulation, the structure is surrounded by air with permittivity ε = 1. The metal is treated as a PEC and the refractive index of the dielectric is n = 1.5. The polarization of the incident light is along the x-direction and the transmission is normalized to the incoming flux times the transverse area of the hole.
Results and discussions
Figure 2(a) shows the transmission spectra of the designed structure with different numbers of inserted MBs N = 1, N = 3, N = 5, N = 10, and N = 15, respectively. As one can see, with the increasing of number N (i.e. the screen thickness), more peaks emerge in the spectra and the maximal value of the transmission is about one order of magnitude. Compared with the traditional enhanced transmission structures [13] [14] [15] [16] , the thickness of the screen (in units of the size length of hole) in our structure is several hundred times thicker while maintaining a high transmission. It should be mentioned that N = 15 is not required in order to achieve a high transmisson, and we demonstrate that such a high transmission still exists in a much thicker screen (N = 30) or more, which is not shown here. In order to understand the transmission spectra, we consider two simple perforated structures with only one start-MB (the inset of figure 2(b)) and only two MBs at the start and end of the hole (the inset of figure 2(c)), with other geometry parameters the same as the former inserted-MB structure. Figure 3(a) shows the resonance wavelength of the three peaks R 0 , R 1 and R 2 as a function of the screen thickness d. With increasing d, the resonance wavelength of R 0 shows a weak blueshift and reaches a constant value of 5.39 mm. As for the structure with two MBs, when the thickness d is increased, the wavelength split between R 1 and R 2 reduces and the two peaks tend to degenerate to the wavelength of R 0 . Figure 3(b) shows the normalized transmission (log-linear plot) of the three peaks and the no-MB structure at wavelength 5.5 mm as a function of d. The transmissions of the structures with only one start-MB and no-MB both decrease exponentially with an increase in d. At the same d, however, the transmission of peak R 0 is about two orders of magnitude higher than that of the no-MB structure, which indicates the role of the MB in the enhanced transmission. For the structure with two MBs, the transmission maintains about one order of magnitude before the two peaks degenerate and decreases exponentially after that. For the inserted-MB structure, however, the transmission peak maintains a high value that does not decrease with an increase in screen thickness.
To explain the above phenomena, the schematic views of the instantaneous charges (indicated by the symbols '+' and '−') and currents (indicated by the arrows) on the surfaces with d = 0.3 mm at R 0 , R 1 and R 2 are shown in figures 4(a)-(c). At peak R 0 , it is shown that the directions of the flowing currents on the surfaces of the start-MB are opposite from those on the antithetic metallic surfaces, accompanied by an anti-symmetric charge distribution at the edges of the top surface of the screen that is parallel to the yaxis. The current loop formed by the antiparallel currents induces a magnetic dipole m ( figure 4(d) ), which is the typical characteristic of a magnetic resonance (MR). Additionally, it's noticed that there are small amount of currents flowing on the vertical walls of the hole. When another MB is placed at the end of the hole, the single resonance R 0 is split into two resonances R 1 and R 2 . For the peak R 1 (R 2 ), the current loops are formed by the antiparallel currents on the surfaces of the start (end) MB and the antithetic metallic surfaces. The difference between the two resonance modes is also clearly presented, i.e. the two magnetic dipoles (m 1 and m 2 ) at the two gaps oscillate with the same phase at R 1 (figure 4(e)) and with anti-phase at R 2 ( figure 4(f) ).
The resonance split could be understood by an equivalent LC-circuit model which accounts for the MR. In the LC model, the inductance L represents the energy of the magnetic field (induced by currents) and the capacitance C represents the energy of the electric field (induced by charges). The resonance wavelength of MR is proportional to LC . At peak R 1 , the currents on the top and bottom surfaces of the perforated screen are anti-phase (figure 4(e)), with more currents flowing on the vertical walls of the hole than that of the case with only the start-MB. As a result, the currents flowing on the two sides of the top and bottom surfaces of the metallic hole decrease, resulting in a reduced effective inductance L compared with that of R 0 [26] . At peak R 2 , the currents on the top and bottom surfaces of the structure flow in phase ( figure 3(e) ), and there are almost no currents flowing on the vertical walls of the hole, which results in an increasingly effective inductance L. Thus the original single resonance R 0 will redshift to R 2 and blueshift to R 1 , which phenomenologically agrees with the above simulated results.
According to the Lagrangian coupling model [27, 28] , we directly achieve the eigen frequencies as
for the peak R 1 where the two magnetic dipoles are in phase and
for the peak R 2 where the two magnetic dipoles are in antiphase. Here, k m corresponds to the magnetic coupling coefficient, d is the distance between the two magnetic dipoles, and ω 0 is the resonance frequency of the single magnetic dipole R 0 . Thus with the increase in screen thickness, i.e. the distance between the two magnetic dipoles, the resonance wavelength of R 1 (R 2 ) will redshift (blueshift), which is in accordance with the simulated results in figure 3(a) . On the other hand, the currents on the vertical walls of the hole decrease with increasing d at peak R 1 . Thus the currents flowing on the top (bottom) surfaces of the metallic hole increase (i.e. the effective inductance increases), leading to a redshift of peak R 1 . Since both the coupling of magnetic dipoles and the currents on the vertical walls contribute to the wavelength shift of R 1 , the redshift rate of R 1 with an increase in d is much faster than the blueshift rate of R 2 , as clearly shown in figure 3(a) . When one MB is inserted in the hole, three peaks ( figure 2(a) ) emerge in the transmission spectra. Here, the magnetic field intensity dependent on the incident wavelength is detected by a H y probe, which is positioned at the center of the dielectric layer between the start-MB and the antithetic screen surfaces where the currents mainly flow (shown in figure 5(b) ). As shown in figure 5(a) , large enhancement of the localized magnetic field is achieved at the three resonances. A snapshot of the four induced magnetic dipoles at the three corresponding resonances are illustrated in figures 5(b)-(e), respectively. These magnetic dipoles are transversely coupled and lead to the formation of the hybridized modes [24] , which are associated with different orientation combinations. For all the modes, the two center magnetic dipoles are always anti-phase, since the currents on the upper and lower surfaces of the center MB are in phase. The two uppermost (and lowermost) magnetic dipoles oscillate with the same phase ( figure 5(b) ) at the shortest wavelength λ 1 and with the anti-phase ( figure 5(c) ) at the longest wavelength λ 3 , which is in accordance with the previous discussion of the structure with two MBs. However, at wavelength λ 2 , the four magnetic dipoles display two different hybridized modes at different times (t 1 and t 2 ), as shown in figures 5(d), (e). These two degenerate modes, along with the two additional modes at λ 1 and λ 3 , constitute all four possible combinations under the condition that the two center magnetic dipoles are anti-phase. When more MBs are added into the hole, the EM energy can be transported through the subwavelength hole by magnetic hybridization [21, 24] . Moreover, as shown in figure 2(a) , the number of the peaks and their quality factors both increase with an increase in N. Thus our structure could serve as a promising candidate to generate frequency combs [29, 30] in the microwave range.
Finally, it's worth mentioning that although there are other, simpler structures, such as coaxial-type or transmission line structures, that can be used to transport EM energy a long distance in the microwave range, the idea of using the hybridization of magnetic dipoles in this paper may provide new perspectives in the engineering of enhanced transmission phenomena. 
Conclusion
In summary, we designed a structure in which a chain of MBs was inserted inside a square hole. The maximal transmission through the modified hole maintains a high value even when the screen thickness is increased. The transmission spectra were explained by the magnetic hybridization theory, which was in good agreement with the simulation results. We believe that our structures may have applications in longdistance energy transport or frequency combs, and that they provide a new way to enhance the transmisson of light through a subwavelength hole. 
